Using digitally and optically projected images to define "virtual" electrodes, optically induced dielectrophoresis (ODEP) [1] [2] [3] enables simplified, real-time manipulation of micro particles, as compared to the metal electrodes based dielectrophoresis (DEP) platforms. Precisely controlled actions, such as the transport, separation, assembly, and focusing of micro particles, have been commonly reported using the ODEP mechanism. However, little attention has been given to the complete analysis of the continuous motion of these micro particles. Most research into DEP/ODEP has only focused on simulations 4, 5 and experiments, 6, 7 where the motion of a particle was always simplified by assuming a uniform linear velocity or a critical state, where the ODEP force is balanced by the fluidic drag force on the particle. [8] [9] [10] [11] The lack of a complete, dynamic description of the forces affecting particle motion limits the accuracy of applying ODEP in a quantitative manner. Due to the extremely fast time-constant for the initial acceleration (i.e., $10 À6 s) of micron-scale particles in the presence of a DEP force field, classical theory describes the DEP force acting on a biological cell as only a linear function of the cellular velocity. The acceleration of a cell when a DEP force is exerted on it has been neglected in the past, due to the inability of the human eye to "capture" this motion when observing a cell under an optical microscope.
In this letter, the motion of a particle under the influence of an ODEP electric-field is theoretically derived and experimentally verified by using a computer-vision algorithm. Researchers generally agree that the magnitude of DEP force is proportional to the resulting particle velocity. We present here an analysis that yields another set of equations for particle motion under a DEP force field. Furthermore, these equations are verified via experiments where the motion of Raji cells and red blood cells (RBCs) are observed in the presence of a negative ODEP force. High resolution video from a microscope system is used to record the cell motion, and a particle tracking software 12 is applied to analyze the results. The experimental results confirm the theoretical model. Moreover, these motion equations also reveal more information, such as the distribution of the ODEP force, a transient time constant for the motion, and the response characteristics of different cell types. Fig. 1(a) shows a schematic illustration of the ODEP system, and Fig. 1(b) shows an image of cell repelled away from the light beam in the ODEP chip. Fig. 1(c) depicts the geometrical configuration of the ODEP chip, which comprised a 1 lm thick layer of hydrogenated amorphous silicon (a-Si:H) deposited on an indium tin oxide (ITO)-coated glass substrate, the liquid chamber, and the ITO glass layer. The medium with a relative permittivity of 80 and a conductivity of 1.3 Â 10 À2 S/m is loaded between the two glass substrates. An AC voltage bias is applied between the two ITO layers. When a digital image is projected onto the surface of the a-Si:H layer, virtual electrodes are formed on the illuminated area due to a local increase in electrical conductivity of a-Si:H. Similar to a metal electrode, a non-uniform electric field is induced, which generates the DEP force and enables the manipulation of the micro-particles.
Besides the DEP force and the drag force, several other forces arise when cells move in an ODEP chip. Buoyancy, gravitational forces, thermal effects, electro-osmosis, Brownian motion, and particle-to-particle interactions have been discussed by many other researchers. 3, 8 However, most of these forces can be neglected under our experimental conditions. Specifically, a typical Raji cell has a diameter of 12 lm and a RBC varies in diameter from 6.2 to 8.2 lm, Hence, the resultant effects of the buoyancy and gravitational forces are neglected. Thus, the initial state equation of the DEP-induced kinetics on a cell (of mass m and with a radius R) can be described as
where u is the velocity of the cell, F DEP is the DEP force on the cell, F Viscosity ¼ 6pRgu, and g is the dynamic viscosity of the fluid medium. The function of the velocity is solved from Eq. (1) as
where s a ¼ m=ð6pRgÞ. Since s a -10 À6 s, this means that the typical time t is too small to be observed, and hence the acceleration phase is usually neglected. So the classical equation for the particle velocity with DEP force is simplified as
This classical solution has been widely used to calculate the DEP force from the particle velocity 6, 7 or to calculate the particle velocity from DEP force, although there are two major problems. The first one is that the DEP force and the particle velocity are coupled, which means one value must be known in order to calculate the other. In most laboratory situations, it is difficult to experimentally measure either value. The second problem is that this equation is a discrete function while the particle's motion is not a uniform movement. This non-uniformity makes predicting the particle trajectory difficult and inaccurate.
Based on the aforementioned problems, Eq. (1) can be modified in the following manner. Since the DEP force varies with velocity, we make an assumption that F DEP ¼ K Â u, where K is a scaling coefficient. Inserting this assumption back into Eq. (1) yields
The following equation can be obtained by solving this analytical expression for velocity u(t) as a function of time:
where U 0 represents the initial velocity when particles experience the largest DEP force, s is defined as s ¼ m= ð6pRg À KÞ. U 0 and s are two time-independent constants. Instead, they are dependent on the electric field and the physical properties of the particle. Now the velocity u(t) only varies monotonically with t. In other words, the motion of a specific particle in a specific DEP environment can be described by a velocity function that exponentially decays with respect to time. Similar to other physical functions, s is a time constant that can be determined by measuring the time to travel some fixed length due to an impulse input. If U 0 and s can be calculated or measured, the entire motion equation can be solved. Taking the integral and derivative of Eq. (5) yields the displacement s(t) and the acceleration a(t), respectively. The displacement is further expressed as
K was previously defined as a scalar coefficient and can now be expressed as K ¼ 6pRg À m=s. Finally, the complete analytical expression for the DEP force with respect to the motion of a particle is
Equation (7) is more accurate and comprehensive compared to Eq. (3). First, Eq. (7) has an extra term Àm/s. Although it is a small value (10
À6
) compared to the viscosity term 6pRg, it makes the equation an equality and not only an approximation. The extra term u(t) Â m/s represents an inertia force which is small enough to neglect in most cases. Note that when the expression for u or s is substituted into Eq. (7), the DEP force equation becomes a continuous function that only varies with time t or distance s.
In Eq. (7), the DEP force is independent of particle position. The distribution of the DEP force on the trajectory of a particle can be obtained by inserting Eq. (6) into Eq. (7). All the equations which describe the motion of the particle have now been expressed as a function of two constant parameters U 0 and s. This solution for the particle velocity u(t)
together with U 0 and s has been verified by the following experiments. Raji cells and RBCs are repelled by the negative DEP force produced by a 25 lm wide light beam projected on the ITO glasses with AC bias of 25V p-p at 60 kHz. The video of this experiment at a 1392 Â 1040 (pixels Â pixels) resolution is taken at sampling rate of 8 frames per second. 3D Cartesian coordinate system is set up according to Fig. 1(c) . Fig. 2(a) illustrates the forces affecting a Raji cell and its resulting trajectory on the X-Z plane. The trajectory of the cell is described based on the direction and magnitude of the net force. Since the direction of the resultant force is perpendicular to the y axis, there is zero displacement in this direction. Along the z axis, the fluid is trapped between two glass substrates spaced 60 lm apart. The possible displacement in the z-direction is about 10 lm, but this is difficult to experimentally verify since the depth-of-field information has been lost, due to the monocular optics of the microscope. Neglecting the displacement along the z direction, the motion is simplified to a 1D linear movement along the x axis. All of the parameters discussed herein forward are the projection of the 3D vectors onto the x axis. Fig. 2(b) shows a numerical simulation of the DEP force using commercial software (Multiphysics, COMSOL AB, Sweden).
The distance s from the edge of the projected light pattern to the cell is clearly visible. By tracking a target cell and the edge of the light pattern, the distance s in each frame of video can be calculated. Fig. 3(a) shows a cell moving away from the light beam, and Fig. 3(b) shows the trajectory of the cell on X-Z plane. Combined with the elapsed time information encoded in the video, a distance-time plot (s-t plot) is produced. Fig. 3(c) gives an example of the s-t graph for a Raji cell as it moves away from the projected green line. After curve fitting, the high coefficient of determination (r 2 ¼ 0.993) indicates that the data plot matches Eq. (6) well. This experimental method not only validates the theoretical analysis but also obtains two important constants U 0 and s.
Each U 0 and s describes a specific trajectory for a cell. By analyzing videos of 60 different Raji cells and RBC cells, their calculated trajectories are plotted. We find that 97% of these cell trajectories follow Eq. (6). Fig. 4(a) shows an s-t graph with 14 cell trajectories plotted. The coefficient of determination r 2 varies from 0.89 to 0.99 and the average r 2 fit is 0.977. 64% of the 60 cell trajectories had a r 2 fit of 0.99 or better. Taking the first and second derivatives of Eq. (6), the velocity u(t) and the acceleration a(t) with respect to time can both be calculated and match the trends predicted by motion equations former derived. Fig. 4(b) plots the measured distance, the calculated velocity, acceleration, and drag force as a function of time for a Raji cell.
In Eq. (6), u(0) ¼ U 0 . The initial velocity is at the maximum value and the initial acceleration is also at the maximum value but in the opposite direction of the velocity. This means that a cell initially experiences a negative resultant force whose magnitude decreases as the time t increases. The movement of the cell mainly depends on the DEP force and the drag force. Initially, the DEP force is larger than all the other forces. Thus, there is a quick acceleration over a short time (s a -10 À6 s). After which, the velocity of the cell reaches a maximum value. Simultaneously, the resistance due to viscosity also increases to a maximum value, until it is approximately equal to the driving DEP force. This force balance causes the acceleration to quickly decrease as shown in Fig.  4(b) . In Eq. (6), as time approaches t ¼ þ1, the maximum displacement becomes s max ¼ U 0 s. The parameter U 0 s represents the maximum displacement of a cell, which can also be considered as the farthest effective distance that a DEP force field can have on a cell.
By further analyzing these equations, many quantifiable physical relationships can be understood. For example, characteristic values for a particle under a DEP force field can be defined, i.e., different motion of cells in the force field could be another indicator of cellular polarization, permittivity, and conductivity. These dielectric properties can lead to future approaches for the manipulation, assembly, and separation of bio-particles.
Using the calculated values for U 0 and s from the experiments with Raji cells and RBCs, Fig. 4(c) shows that it is possible to distinguish between these different types of cells based on their motion under DEP. The experiment data are classified using a support vector machine (SVM) 14 algorithm. This is a supervised learning model with associated learning algorithms that analyzes data and recognizes patterns. SVM is commonly used for classification and regression analysis. The correct rate of classification in our experiment is 97.5%. Therefore, these results validate the feasibility of using the motion analysis for automatic differentiation among different types of cells.
This Letter proposes an improved theoretical model for the motion of a cell under the influence of DEP force. Based on the trajectory tracking of various types of human cells, we measured cell displacement as a function of time and calculated the associated velocities and accelerations. The experimental data matched well with the proposed theoretical model. Then, we analyzed the motion of the cells and distinguished between different types of cells based on their transient motion response under a specific DEP force field. The computer-vision based cell motion analysis described in this Letter using an ODEP system could be used to track cell motion trajectory accurately, while enabling the simultaneous identification and sorting of different types of cells. It is envisioned that this method could be further developed into non-invasive approaches to identify and differentiate cells, as well as quantify the dielectric properties of cells.
